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RESISTOR TUNING NETWORK AND
METHOD FOR MICROELECTRONIC RC-
BASED FILTERS

BACKGROUND OF THE INVENTION

The present invention relates generally to tuning of a
resistor 1n an RC filter, and 1s particularly concerned with
tuning of on-chip, microelectronic components.

Filtering 1s a fundamental signal processing tool used in
almost all electronics systems. While some filtering func-
fions can be performed in the digital domain, filtering 1n
analog domain 1s essential in countless applications where
only analog techniques enable high-speed processing of
small signal levels with the required resolution. Front-end
processing 1n almost all electronic systems such as wireless
and wireline communications, video, audio, 1imaging, efc.
rely heavily on filtering 1n the analog domain.

We have been witnessing 1n the last several decades that
the cost and footprint of electronic systems are scaling down
significantly as increasingly more functionality 1s integrated
on a single chip of semiconductor. While microchip pro-
cessing 1s extremely efficient in building large number of
devices on a microchip, analog processing still suffers from
variations 1n component values from one fabrication run to
another. Further limitations to analog processing accuracy
come from the dependence of component parameters on
temperature, which 1s becoming more and more costly to
control as a result of large scale integration. A widely
recognized solution to this problem 1s the tuning of on-chip
components until the error due to component variations
becomes negligible.

In a typical RC filter composed of amplifiers, resistors and
capacitors, the accuracy of filter transfer function 1s deter-
mined by the resistor and capacitor values. In general, either
resistors or capacitors can be tuned to obtained the required
overall transfer function. Tuning can be performed efli-
ciently by switching small-valued components in or out of
the circuit. As the dominant non-ideality of a reasonably-
sized micro-switch 1s its parasitic resistance (up to very high
frequencies), tuning of capacitors poses a difficulty as a
result of an undesired resistance appearing 1n series with the
capacitor to be tuned. Tuning of resistors, therefore, can be
more elffective 1n many realizations.

FIG. 1 1illustrates a conventional scheme of tuning a
resistor via switching in or out some small-valued resistors
that are 1n series with the resistor to be tuned. In this circuait,
switches are closed and opened to include more or less
resistance R in series with the resistance to be tuned (R,,,,.).
When fine tuning 1s desired, the switched resistors need to
be much smaller than the resistor to be tuned, typically on
the order of one hundredth or less. This necessarily requires
large size switches, such that the parasitic switch resistance
can be neglected next to the tuning resistors. A typical
example 1s a 5 k resistor to be tuned to below 1% precision.
This requires less than 50 ohm tuning resistors, which in turn
requires a switch resistance on the order of 10 ohms or less.
A switch with such a low on resistance requires a transistor
that 1s several hundred times larger than a minimum geom-
etry device. Note that, increased switch size, besides requir-
ing more chip real estate, also exhibits higher parasitic
capacitance along the signal path, and increased noise cou-
pling through the substrate. The large spread of resistor
values also limits the accuracy and matching between resis-
tors. Small-valued resistors also require much more hand-
tailoring 1n layout, as their aspect ratios turn out to be
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awkward, and parasitic contact resistances mtroduce con-
siderable error to overall resistance. Another difficulty 1s that
different tuning resistor values are needed for each different
resistor value to be tuned (such that the same relative
accuracy can be maintained across, all resistors). For
example, 50 ohm resistors are needed to tune a 5 Kk
resistance, whereas 75 ohm resistors would be needed to
tune 7.5 k resistor with the same relative increments.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide a new
and improved filter tuning network which 1s particularly
suitable for tuning microchip integrated resistors.

According to one aspect of the present invention, a
resistor tuning network for connection in series with a
resistor to be tuned 1s provided, which comprises a first
resistor having a fixed resistance and ladder circuit com-
prising a resistor ladder network connected 1n parallel with
the first resistor, the ladder circuit having an mnput and first
and second output terminals, a plurality of arms connected
in series with the mput and first output terminal, each arm
having a resistor R and a node separating each pair of
adjacent arms, a shunt arm connected to each node, each
shunt arm having a resistor which has a value which 1s a
multiple of R and a switch 1n series, each switch having a
first, closed position connecting the shunt arm to the first
output terminal and a second, open position connecting the
shunt arm to the second output terminal, such that the
resistance of the ladder network 1s varied dependent on the
switch positions and 1s at a maximum value when all
switches are closed and a minimum value when all switches
are open, whereby a resistance can be tuned by varying the
switch positions 1n the ladder circuait.

This arrangement produces a tuning network which
exhibits good linearity i1n the resistor value with switch
positions, allowing fine tuning of a large spread of resistor
values. In an exemplary embodiment, a third resistor R3 1s
connected 1n series with the tuning network of the first
resistor and ladder circuit. The ladder network may be an

R-2R ladder. Because the switches 1n the R-2R ladder are all
in series with the same amount of resistance, 1.e. 2R, they
can be uniformly sized. In an exemplary embodiment, 2R 1s
of the order of at least one kilohm, so that switch sizes can
be kept small and switch induced non-linearities can be kept
negligible. Thus, this arrangement permits an effective tun-
ing network for an RC filter to be 1ntegrated on a single chip.

In an exemplary embodiment of the invention, the equiva-
lent resistance REQ of the ladder network 1s given by the
following relationship:

REQ - 1+R3(RITT +R27YH
~ RI'V 4 plp2!

where R1 1s the first resistance connected in parallel with the
R-2R ladder circuit, R2 1s the resistance of the R-2R ladder
circuit, which is varied according to the number of switches
which are closed, R3 1s the third resistance, and b represents
the current switch positions and 1s controlled by the func-
tion:

b= Z”: C; 2
i=1

Where n 1s the number of branches 1n the R-2R ladder.

According to another aspect of the present invention, a
method of tuning the resistance of an RC filter 1n a micro-
chip 1s provided, which comprises the steps of:
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connecting a resistor tuning network including an R-xR
ladder 1n series with a resistor to be tuned which forms

part of an RC filter, where xR 1s a multiple of R; and

varying the resistance of the R-xR ladder by selectively
opening and closing switches connected in xR branches
of the R-xR ladder to connect lesser or greater numbers
of the xR branches to an output terminal of the R-xR
ladder 1n order to tune the resistor to be tuned to a
desired resistance value.

In an exemplary embodiment, the resistor tuning network
1s integrated on a microchip on which the RC filter 1s built.
In order to 1improve linearity of the tuning transfer function
with successive switch openings along the ladder, a tuning,
network comprising the R-xR ladder in parallel with a fixed
resistance 1s connected 1n series with a third resistor. The
R-xR ladder 1s an R-2R ladder in an exemplary embodiment
of the mvention.

By connecting a resistance 1n parallel with an R-2R ladder
circuit, a resistor tuning network 1s provided which has good
linearity 1n 1ts tuning transfer function and allows a large
spread of resistor values. With this arrangement, high tuning
accuracy 1s achieved with a small spread 1n resistor values.
Because the switches 1n the R-2R ladder are all 1n series with
the same amount of resistance (1.e. 2R), they can be uni-
formly sized. By selecting 2R to be of the order of 1 kohm
or more, switch sizes can be made small, enabling the
network to be integrated into a microelectronic chip or
silicon chip.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be better understood from the
following detailed description of an exemplary embodiment
of the invention, taken 1n conjunction with the accompany-
ing drawings 1n which like reference numerals refer to like
parts and 1n which:

FIG. 1 1s a schematic diagram 1illustrating a prior art
resistor tuning network;

FIG. 2 1s a schematic diagram 1llustrating a resistor tuning;
network according to an exemplary embodiment of the
mvention;

FIG. 3 1s a schematic diagram 1llustrating the R-2R ladder
circuit of FIG. 2 1n more detail;

FIG. 4 illustrates the variation of the equivalent resistor
value of a resistor tuning network consisting of only the
R-2R ladder circuit of FIG. 3 with the number of switches

closed;

FIG. 5 1s similar to FIG. 4, but 1llustrates the more linear
tuning function achieved by connecting the R-2R ladder
circuit in parallel with a fixed resistance, as in FIG. 2;

FIG. 6A 1llustrates a first example of tuning of the
equivalent resistor value variation of the tuning network
when tuning a 9.1 kohm resistor;

FIG. 6B 1illustrates a second example of tuning of the
equivalent resistor value variation of the turning network
when tuning an 18.8 kohm resistor; and

FIG. 7 1s a schematic tuning block diagram illustrating
tuning of different IC component blocks using a common
control block.

DETAILED DESCRIPTION OF THE DRAWINGS

As noted above, FIG. 1 of the drawings illustrates a
conventional or prior art resistor tuning network in which a
plurality of identical resistors Rx are connected 1n series
with a resistor R/, to be tuned. A branch line 1s connected
between each node N of the network and the output V-,
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with a switch S 1n each branch line for controlling its
connection 1n the circuit. Switches S are opened or closed to
provide more or less resistance 1n series with the resistance
to be tuned. When fine tuning 1s desired, the switched
resistors have to be much smaller than the resistor to be
tuned, typically on the order of one hundredth or less. This
necessarily requires large size switches so that the parasitic
resistance can be neglected next to the tuning resistors Rx.
Increased switch size 1n turn increases the area required for
the tuning network, and typically makes 1t too large for
incorporation on a single microelectronic chip.

FIGS. 2 and 3 illustrate a resistor tuning network accord-
ing to an exemplary embodiment of the invention 1n which
the components can be of relatively small size suitable for
integration on a semiconductor chip for tuning an on-chip
resistor, particularly a resistor forming part of an RC filter.
As 1illustrated 1n FIG. 2, a resistance to be tuned, R3, 1s
connected 1n series with a tuning network 10 which com-
prises a first, fixed resistor R1 1n parallel with a varable
resistor R2. The circuit has an mput voltage V,,, an input
current I,,, through resistance R3, and an output voltage
V. and current I ,,,. The variable resistor R2 comprises
an R-2R ladder, as 1llustrated 1n detail 1n FIG. 3, and has an
input terminal A, an output terminal B, and a second output
terminal B, .

As best 1llustrated 1n FIG. 3, the R-2R ladder R2 has a
serics of resistors R of constant resistance connected in
series between mput node A and output node B. A series of
branch or shunt lines 12 are connected between mput line 14
and either output line 16 which connects to terminal B or
output line 18 which connects to terminal B,,, dependent on
the position of a switch 20 positioned 1 each line 12. A
resistor 2R having a resistance twice that of resistor R 1s
connected 1in each shunt line 12. In this ladder, the output
current at node B, or I, 1s given by:

V
[g = 2 .b O

where b 1s a parameter representing the switch positions,
ogrven by

®

where n 1s the total number of branch lines or switches,
V. 1s the voltage at node A, and C 1s a constant.
Equation @ assumes that the voltages at terminals B
and B,, are at ground relative to the voltage V.

The ladder exhibits constant resistance R with respect to
the mput terminal A, but the currents coming out of termi-
nals B and B,, depend on the position of the switches. When
all switches are closed, as illustrated in solid line 1n FIG. 3,
total current of the ladder 1s observed at the B terminal. As
the switches are opened, into the dotted line position,
currents (in vertical branches 12 of the ladder) are stolen
from the B terminal and delivered to the B,, terminal. Note
that, for proper operation, the B and B,, points of the ladder
must be at the same potential, a requirement that can be
casily satisfied 1n many configurations. Tuning of the overall
resistance of the network shown m FIG. 2 can therefore be
realized by controlling the switches of the R-2R ladder. FIG.
4 1llustrates the transfer function of the ladder of FIG. 3,
where the equivalent resistance of the ladder between the A
and B terminals 1s plotted as a function of a parameter b
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representing the switch positions: when all switches are
closed, b=1. On the other hand, when all switches are open,
b=2"(because now, only the right most branch’s current is
available to terminal B). The letter n represents the binary
depth of the ladder, which 1s equal to the number of vertical
branches, and also to the number of switches 1n the ladder.
The minimum and maximum resistances that can be
obtained from the ladder are equal to R and 2”R respectively
(graph only shows the transfer function at small b values).

For fine tuning of resistors at different values, the non-
linearity of this transfer curve poses severe difficulties.
Tuning accuracy with respect to minimum switch steps
becomes smaller and smaller as the equivalent resistor value
increases. The linearity of the curve can be improved
significantly by adding a resistance in parallel with the R-2R
ladder. This 1s the purpose of R1 m FIG. 2. FIG. 5 shows the
transfer curve for network 10, 1llustrated the much improved
linearity.

The transfer function of the network 10 (FIGS. 2 and 3)
1s derived below. For simplicity, we assume that V., 1s at
virtual ground, 1.e. V,,,,=0.

Vin — Vi
Iy = 3
] —£+£
NTRI T OR2
{ —£+ i
CUF=RI 7 b R2

Eliminating V,and I,,, in the above equations yields for the
equivalent resistance of network 10:

©)

1+ R3(RIT +R27Y)
 RI'V 4 plpod

Vin

four

Choosing some example values for R1 and R2, (for example
R1=R2=2 kohm), the above equation results in:

2(1 + R3)
REQ = 177

@

where b 1s the switch parameter that varies between 1 and 2™
with unit increments. For fine tuning, large values of b are
used.

EXAMPLE

Assume that two resistors need to be tuned to 9.1 kohm
and a 18.8 kohm respectively. R1 and R2 can be set to 2
kohm. This allows all the resistors to be built out of unit
resistors. Switches 1n the ladder are 1n series with 4 kohm
resistors, and can therefore be very small. For a 9.1 k
resistor, R3 1s chosen to be 4 kohm, and for an 188 k
resistor, R3 1s chosen to be 9 kohm. n 1s chosen to be 4.
FIGS. 5, 6A, and 6B show the equivalent resistance of the
two resistors as a function of tuning. It 1s observed that in
this case of a 9.1 kohm resistor (FIG. 6A), the tuning step
size 1s approximately 40 ohm, whereas 1n the 18.8 k resistor
case, the step size 1s 80 ohms. Therefore, both resistors are
tuned with 0.4% step size even though the same R-2R ladder
1s used 1n each resistor’s network, and the switches are
controlled the same exact way.

The resistor tuning network of this invention has many
advantages over prior art tuning schemes in which a series
of small value resistors are simply switched 1nto or out of the
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serics with the resistor to be tuned. First, because the
switches are each 1n series with the same amount of
resistance, €.g. 2R, they can be uniformly sized. By selecting
2R to be of the order of 1 kohm or more, the switch sizes can
be kept small, allowing the overall network to be kept small
enough such that 1t can be readily integrated 1n a microchip.
The desired resistance 1s obtained, essentially, by the
denominator of Equation (4) above, controlled solely by R3,

producing a nice gain term which increases the effective
resistance 1n small increments. Once R3 1s calculated for a

orven resistor implementation, there 1s no need to calculate
tuning resistor values. This arrangement allows resistor R3
to be selected depending on the overall range required for
the equivalent resistance REQ, while control of R2 allows
the fine tuning of REQ. Although the resistor ladder network
described above 1s an R-2R ladder, other ladder networks
having branch resistors which are different multiples of R
may alternatively be used. For optimum results, the resis-
tance 1n each branch should be the same, so that the switches
can be uniformly sized.

By providing a fixed resistor R1 1n parallel with an R-2R
ladder circuit, the tuning transfer function can be made more
linear, allowing fine tuning of a large spread of resistor
values with the same basic circuit. High tuning accuracy 1s
achieved with a small spread 1n resistor values. If desired, all
resistors 1n the network, including the ones in the R-2R
ladder, can be built out of the same unitary resistors. This
simplifies circuit design and 1mproves tracking and match-
ing properties of microchip resistors.

In this arrangement, all resistors to be tuned can use the
same R-2R network, with the same resistor values and
switch sizes. If the same control lines are used for the R-2R
ladders of all the resistors, the resistors can be tuned by the
same relative amount with respect to their nominal values,
as 1llustrated schematically in FIG. 7. A plurality of different
component blocks 30a, 30b, 30c, etc. within an IC each use
the resistor tuning network of FIGS. 2 and 3. Each tuning
network 1s tuned via a common control line 32 from a tuning
control unit 34, with signal bits controlling the switches in
the resister tuning network. The tuning control unit 34
determines the tuning control bits by observing the behavior
of a master resistor tuning network 36. This 1s a strong
layout advantage compared to the standard scheme where
any different valued resistor to be tuned requires its own set
of tuning resistor values and switch sizes.

Although an exemplary embodiment of the invention has
been described above by way of example only, 1t will be
understood by those skilled in the field that modifications
may be made to the disclosed embodiment without departing
from the scope of the invention, which i1s defined by the
appended claims.

I claim:

1. A resistor tuning network for connection 1n series with
a resistor to be tuned, comprising:

a first resistor having a fixed resistance, an input for
connection to a resistor to be tuned, and an output; and

a resistor ladder network connected between the mnput and
output 1n parallel with the first resistor, the ladder
network having an mput and first and second output
terminals, the first output terminal being connected to
said output;

the ladder network having a first line comprising a plu-
rality of first arms connected 1n series with the input
and first output terminal and nodes between each pair
of arms, each arm having an i1dentical resistor R, a
second line connected to said first output terminal, and
a third line connected to said second output terminal;
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a series of shunt arms, each shunt arm having a first end
connected to a respective node and a second end, a
resistor which has a value which 1s a multiple of R and
a switch 1n series between the first and second end of
cach shunt arm, each switch having a first, closed
position connecting the shunt arm to the second line
and a second, open position connecting the shunt arm
to the third line, such that the resistance of the ladder
network 1s varied dependent on the switch positions
and 1s at a maximum value when all switches are closed
and a minimum value when all switches are open,
whereby a resistance can be tuned by varying the
switch positions 1n the ladder circuit; and

wherein said resistor to be tuned 1s a third resistor R3

connected 1n series with the parallel connected first
resistor and ladder network.

2. The network as claimed 1n claim 1, wherein the resistor
ladder network 1s an R-2R ladder.

3. The network as claimed 1n claim 2, wherein the
resistance 2R 1s at least 1 kohm.

4. The network as claimed 1n claim 1, wherein the ladder
network 1s an R-2R ladder, and the tuning network has an
equivalent resistance REQ given by the following relation-
ship:

REQ = 1+R3(RI+R27YH
~ RI'' 4+ plR2!

where R1 1s the first resistance connected in parallel with the
R-2R ladder circuit, R2 1s the resistance of the R-2R ladder,
R3 1s the third resistance to be tuned connected 1n series with
the tuning network, and b represents a current switch posi-
fion

b= Z C. 2
i=1

that varies between 1 and 2" with unit increments where n
1s the total number of shunt arms.

5. A method of tuning the resistance of an RC filter,
comprising the steps of:
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connecting a resistor ladder network comprising an R-xR
ladder, where xR 1s a multiple of R, 1n parallel with a
first fixed resistor to form a resistor tuning network;

varying the resistance of the of the R-xR ladder by
selectively opening and closing switches connected 1n
xR branches of the R-xR ladder to connect lesser or
oreater numbers of the xR branches to an output
terminal of the R-xR ladder in order to tune a third
resistor to be tuned to a desired resistance value; and

connecting the tuning network in series with the third

resistor to be tuned.

6. The method as claimed 1n claim 5, wherein the resistor
tuning network 1s integrated on a microchip on which the RC
filter 1s buuilt.

7. The method as claimed 1n claim 5, including the steps
of connecting a plurality of 1dentical resistor tuning net-
works 1n series with a plurality of different-valued resistors
to be tuned.

8. The method as claimed 1n claims §, wherein the ladder
network 1s an R-2R ladder.

9. The method as claimed in claim 8, wherein the tuning
network has an equivalent resistance REQ given by the
following relationship:

REQ = 1+R3(RIT+R27YH
~ RI'V 4 bl

where R1 1s the first resistance connected 1n parallel with the
R-2R ladder circuit, R2 1s the resistance of the R-2R ladder,
R3 1s the third resistance to be tuned connected 1n series with
the tuning network, and b represents a current switch posi-
tion that varies between 1 and 2" with unit increments where
n 1s the total number of shunt arms.

10. The method as claimed 1n claim 8, wherein the
resistance 2R 1s 1t least 1 kohm.



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. :6,573,811 B2 Page 1 of 1
DATED . June 3, 2003
INVENTOR(S) : Brian C. Martin

It is certified that error appears in the above-identified patent and that said Letters Patent Is
hereby corrected as shown below:

Column 35,

Line 51, delete “a” after “and”;

Lines 54 and 55, delete “k” and replace with -- kohm --;

Line 56, insert -- The value -- before “n” and delete “4” and replace with -- four (4) --;
Line 60, delete “40 ohm” and replace with -- fourty (40) ohms -- and insert

-- case of the -- before “18.8” and delete “k” and replace with -- kohm --;

Line 61, delete “case”;

Line 62, insert -- a -- before “0.4%;

Column 8,
Line 5, delete “of the” after “resistance”.

Signed and Sealed this

Twenty-tfirst Day of February, 2006

JON W. DUDAS
Director of the United States Patent and Trademark Office



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 6,573,811 B2 Page 1 of 1
APPLICATION NO. : 09/778540

DATED : June 3, 2003

INVENTOR(S) . Brian C. Martin

It is certified that error appears in the above-identified patent and that said Letters Patent Is
hereby corrected as shown below:

Column 5, line 60, delete “(40) ohms™ and replace with --forty (40) ohms--.

Signed and Sealed this

Seventh Day of November, 2006

JON W. DUDAS
Director of the United States Patent and Trademark Office



	Front Page
	Drawings
	Specification
	Claims
	Corrections/Annotated Pages

